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A BSTRACT Tropomyosins consist of nearly 100% a- helix 
and assemble into parallel and in-register coiled-coil dimers. 
In vitro it has been established that nonmuscle as well as native 
muscle tropomyosins can farm homodfmers. However, a mix- 
ture of muscle or and fi tropomyosin vubunits results in the 
formation of the therm ©dynamically more stable a/0 het- 
erodimer. Although the assembly preference of the muscle 
tropomyosin heterodimer can be understood tuerraodyaami- 
cally, the presence of multiple tropomyosin isoCormy ex- 
pressed In nonmuscle cells points toward a more complex 
principle for determining dioiCr formation. We have investi- 
gated the diroerization of rat tropomyosins in living cells by 
the use of epitope tagging with a 16-aa sequence of the 
influenza hemagglutinin. Employing transection and immu- 
noprcdpitHtion techniques, we have analyzed the dimers 
formed by muscle and nonmuscle tropomyosin* in rat fibro- 
blasts. We demonstrate that the information for homo- versus 
heterodimerizaUon is contained within the tropomyosin mol- 
ecule itself and that the information for the selectivity is 
conferred by the alternatively spliced exons. These results 
have Important Implications for models of the regulation of 
cytoskelotal dynamics. 



Tropomyosins (TMs) are a family of actin filament-binding 
proteins that are among the major components of the thin 
filaments of striated and smooth muscle and the microfila- 
ments of nonmuscle colls (1). Although TMs are expressed in 
all cells, different isoforms of the protein are characteristic of 
specific cell types. Isoform diversity of TMs in vertebrate cells 
is generated by a combination of four genes, multiple promot- 
ers, and alternative splicing mechanisms (2-4). We are just 
beginning to understand the relationship of TM isoform 
expression and function (5), and although a large number of 
TM isoforms have been identified, the specific function of 
these isoforms in different cell types remains to be determined. 

The TM subunits consist of nearly 100% a- helix, and two 
chains assemble into parallel and in-register coiled-coil dimers 
(6, 7). TM functions as a dimer and isoform diversity allows a 
variety of different dimers to be formed. One of the key 
questions in the understanding of TM function is what mech- 
anisms are responsible for the regulation of the assembly of 
homo- and he te rod oners and whether cell type-specific factors 
are involved in thin process. Rat embryo fibroblasts (REF 52 
cell line) express seven nonmuscle TM isoforms simulta- 
neously (refs, 3 and 4; W. Guo and D.M.H., unpublished 
work): three high molecular weight (HMW) TMs (TMi, TM2, 
and TM3) and four low molecular weight (LMW) TMs (TM4, 
TMS, TM5a, and TM5b) of 284 and 248 aa, respectively. 
Skeletal and smooth muscle at and £ TM subuniis preferen- 
tially assemble into the thermodyuurnically more stable ct/p 
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heterodimcrs (8-10), By contrast, studies of TMs from fibro- 
blasts demonstrate that these isoforms exist as homodimers 
(11, 12), suggesting a more complex principle for determining 
the formation and stabilization of a specific and functional 
dimer. Because specificity is determined additionally by the 
relative thermodynamic stability of all possible protein- 
proiein interactions, understanding this process requires iden- 
tification of the forces that stabilize preferentially the favored 
complex as well as forces that destabilize the incorrect one 
(13). Several groups have addressed the question of homo- 
versus heterodimer formation,- using purified muscle (10, 14, 
15) or nonmuscle (11, 12) TMs. However, all of these ap- 
proaches required cither denatu ration (10, 14) or chemical 
stabilization (11, 12, 16) of the TM chains. Thus, these 
approaches might not identify the possible involvement of 
cellular factors in the selective formation of TM dimers. This 
type of assay also seemed not to be suitable for identifying the 
state and composition of the TM dimers prior to the chemical 
and thermal treatment. In addition, isoform-speeffic antibod- 
ies are not available for all the isoforms expressed in a single 
nonmuscle cell, thereby hindering the ability to recover specific 
TMs in order to identify the subunits present in a given dimer. 

In the present study we have used living cells as a system to 
generate TMs containing the correct set of.posttranslational 
modifications essential for the correct function of TM (17-24). 
We investigated the dimerization of TMs in cultured cells by 
epitope tagging with a 16-aa sequence of influenza hemag- 
glutinin (HA-tag) (25, 26) to allow the identification of the 
native composition of TM homo- and heterodimers. We used 
immunoprecipitation from extracts of transiently transfected 
REF 52 cells aL low temperature, where chain exchange is 
minimized (14), to analyze the composition of trie dimers. We 
demonstrate that the information for homo- versus hct- 
erodirnenzation is contained within the TM molecule itself 
and that the information for the selectivity is conferred by the 
alternatively spliced exons. 

EXPERIMENTAL PROCEDURES 

Construction of Transition PIa*smids. All TM constructs 
were cloned in-frame between Xba I and BamKl sites in the 
pCGN expression vector (27) with or without the 16-aa 
HA-tag sequence. Primers were 5'-ATGGACGCCaTCAa- 
GAAGAAG-3' for TM1, TM2, TM3, smooth muscle ot-TM, 
and skeletal muscle- a-TM; 5'-ATGGCCGGCCTCAACTCA- 
CTG-3' for TM4; and 5'-ATGGCGGGTAGCTCGCTG-3' 
for TMSa and TM5b. Each tagged TM therefore carried the 
HA-tag sequence at its amino terminus. 



Abbreviations: TM, ttopomyosm; HMW, high motacul&r weight; 
LMW, low molecular weight; HA, hem agglutinin. 
•To whom reprint requests should bo addressed at Cold Spring 
Harbor Laboratory, P.O. Box 100. Gold Spring Harbor, NY 11724. 
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Immunofluorescence. Rat embryo fibroblast (REF52) cells 
grown to 75% confluence in Dulbccco's modified Eagle's 
medium with 10% fetal bovine serum were transfected with 1 
jig of total DMA per construct and 25 y\ of Lipofcctarainc 
(G1BCO) per 60-mm dish for 24 hi and prepared for immu- 
nofluorescence as described (28). Tagged TMs were visualized 
with anli-HA antibody 12CA5 and rhodamine-conjugatcd goat 
anti-mousc secondary antibody (Molecular Probes). Fluores- 
cent images were photographed on a Zeiss Axiophoi micro- 
scope using a X63 oil-immersion lens and Kodak P320OTmax 
film. The transfection efficiency in REF 52 cells was observed 
to be at around 10% with the Upofeclaminc method. 

Immunoprecipitntion. REF 52 cells after 24 hr of transfec- 
tion were washed three times with ice-cold phosphate-buffered 
saline (pH 7,4) containing 5 mM MgCh and 2 mM EGTA. 
Proteins for immunoprecipitation were extracted in 200 ul of 
1? buffer [20 mM imidazole/300 mM KCl/5 mM MgClj/5% 
(vol/vol) glycerol/1% (vol/vol) Triton X-100/1 mM phenyl- 
mcthanc5ulfonyi fluoridc/1 mM NaN 3 /l mM ATP, pH 7.0] 
per 60-mm dish for 60 min on ice. Cellular residue was 
removed by ccntrifugation and the extract was prccleared for 
60 min with protein A-Sepharose (Pharmacia) in IP buffer. 
The supernatant was transferred to a fresh tube washed twice 
for 5 min in IP buffer to reduce nonspecific binding. Five 
micrograms of 12CA5 antibody was added and the suspension 
was incubated on ice for 60 min. After addition of 30 ^ of 
protein A-Sepbarose, incubaiion was continued for another 60 
min. The beads were washed three times in IP buffer and once 
in phosphate-buffered saline and then prepared for gel elec- 
trophoresis. 

Electrophoresis and Western Blotting. Analytical SDS/ 
12.5% PAGE in mini-rslab gels and Western blotting onto 
nitrocellulose (Hybond, Amersham) were performed as de- 
scribed (29). Transferred proteins were visualized with a 
horseradish peroxidase-coupled secondary antibody and the 
ECL chemilumincsccncc detection system (Amersham). 

Antibodies. Monoclonal anti-TM antibody (clone 31 1) that 
recognizes all the HMW TMs was from Sigma. Monoclonal 
anri-H A antibody (clone 12CA5; refs. 25 and 26) was produced 
as mouse ascites fluid in Cold Spring Harbor. Monoclonal 
anii-TM antibody (clone MP10) that recognizes the low mo- 
lecular weight TMs was kindly provided by Mark Pinenger 
(Cold Spring Harbor Laboratory). 

RESULTS 

Cell Transfection. We have used the expression vector 
pCGN (Fig. 14) for the transfection of mammalian ceils with 
each of the nine rat TM isof Orms, which are the productsof the 
three genes depicted in Fig, IS. Each TM was expressed either 
with or without an ammo-terminal 16-aa HA-tag. Transfected 
rat embryo fibroblast (REF 52) cells expressed significant 
amounts of the tagged TM isoforms, and no premature 
chain-termination products were detected by Western blotting 
(Fig. 2). The ratio of exogenous TM subunits to the major 
endogenous TM subunit (TMl m REF 52 cells) was deter- 
mined to be at about 1:1. This value represents a semiquan- 
titative estimate from Western blots of total Cell extracts (with 
an estimated transfection efficiency of 10%) and is therefore 
not equivalent to the situation found in every single cell. 
Further, the levels of expression (as determined by immuno- 
fluorescence) additionally varied by a factor of **20, and cells 
expressing very high amounts of tagged TM contained large 
cisternal structures filled with immunore active material (data 
not shown). 

Incorporation of Tagged TM Isoforms Into Accin Stress 
Fibers. Tagged TMs were incorporated into the actin- 
containlng stress fibers of REF 52 cells within 24 hr after 
transfection. The imraunofluoreisecnt patterns obtained with 
the 12CA5 antibody (Fig. 3) are comparable with those seen 
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FiO. J. (A) Mammalian expression vector pCGN. From left to 
right, labeled features include the human cytomegalovirus (CMV) 
promoter, the herpes simplex virus (HSV) thymidine kinase (lk) gene 
5' untranslated leader and initiation codon, the unique Xba I site 
engineered downstream of the initiation codon, the engineered 
BamUl site, the rabbit 0-giobin gene segment containing splicing and 
poly(A)-additLOn signals, and the simian virus 40 (SV 40) origin of 
replication (ori). (B) Intran-cxon organization of the rat TM genca 
and spliced TM isoforms used for transfection. Nonmuscle cells 
express multiple feoforms of 284 aa (TMl. TM2, and TM3) and 24fi aa 
(TM4, TM5a. and TM5b) simultaneously, whereas muscle cells express 
either one (the a isofonn in cardiac muscle) or two (both a and 0 
chains in smooth or skeletal muscle) Of the HMW type. 

withTM-spccifiC antibodies (30). Thus, the tag sequence at the 
amino terminus did not interfere with the ability of the TMs 
to associate with F-actJn bundles. The HA-tagged TMs were 
also expressed in and purified from Escherichia coti and were 
found 10 cosediment with F-actin in an in vitro cosedimenta- 
tion assay with rabbit skeletal muscle F-actin (data not shown). 
This result is consistent with previous studies demonstrating 
that wild-type recombinant TM was incorporated into stress 
fibers whether it was unacetylated (30, 31) or blocked by an 
80-rcsidue ammo-terminal fusion (31) and that the patterns of 
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FiO. 2. Western blotting of whole cell extracts with anti-HA 
antibody 12CA5 demonstrating the high amounts of togged TM 
isoforms present in transfecrcd REF 52 cells. 
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Smoorh muscle a-TM 



Skeletal muscle a-TM 



Skeletal muscle Q-TM 



Fro. 3. Immiinofraorescence showing thai all HA-tagged isoforms localize and integrate into the act in-containing stress fibers of REF 52 cells. 
(Bar = 20 pm.) 



incorporated TM were indistinguishable from that of endog- 
enous TM (30) or isolated chicken pectoral muscle TM (31). 

DimDr Formation. The transient expression of HA-taggcd 
or untagged exogenous TM isoforms in REF 52 cells allows the 
formation of a variety of dimer$ in addition to the dimers 
present in the untransfected cells (Fig. 4/3). Besides the native 
homo- or heterodrmers containing the endogenous TM chains 
(I), hybrid dimers containing either one (IT) or two (III) tagged 
exogenous TM chains are possible In addition, in double 
transfections where one tagged isoforro and one untagged 
isoform are introduced into cells simultaneously, the forma- 
tion of "native hybrids" containing two untagged chains, one 
endogenous and one exogenous are possible. The differences 
in elecirophorc tic mobility due to the presence or the 16-aa tag 
allow the identification of both homodimers and heterodimers 
by SDS/12.59& PAGE. When extracts from metabolically 
w S-labeled transacted REF 52 cells were separated in SDS/ 
12.5% polyacrylamide gels and autoradiographed, the expres- 
sion of the tagged TM chains in these cells 24 hi after 



transfection was seen to be comparable to that of the endog- 
enous TMs, Immunoprecipitations from these cell extracts 
further revealed that the tagged TMs were precipitated in 
equal amounts by the anri-HA antibody and that actin con- 
tamination was negligible (data not shown). 

Western blot analysis of the immunoprecipitated tag- 
containing dimera demonstrated the preference of the 2B4-aa 
HMW nonmuscle isoforms TM1, TM2, and TM3 to form 
homodimers (Fig. 42?) /REF 52 cells express the three HMW 
TM isoforms in different amounts (TM1 > TM2 » TM3). To 
eliminate problems due to differential amounts of exogenous 
and endogenous TMs present in the extracts! cot ransfect ions 
were performed with the same expression vector introducing 
the same TM subuoit both tagged and untagged into the cells. 
Cotransfections of tagged TM constructs in parallel with 
untagged TMs did not alter the homodimer preference of the 
HMW nonmuscle isoforms (Fig. 4Q. 

Since fibroblast TM2 differs from smooth muscle cr-TM or 
skeletal muscle rx-TM by the use of exons 2a/2b or Ua/9d. 
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Fia. 4. (4) Contribution of the different possible dimers to the 
bands analyzed in SPS/polyacrylamide gels (see text). Open bars 
Symbolize the TM chains; black botes Indicate the presence Or absence 
of the HA-cag sequence. (£) Western blot analysis of antj-RA 
(12CA5) immunoprecipitates probed with a monoclonal antibody 
recognizing all HMW TMs (done 3U; Sigma). Single transfections of 
REP 52 cells with each of the nonmusde HMW TM variants resulted 
in the precipitation of predominantly homodimcrs of the respective 
TM subunits. The presence of the 16-aa HA- tag increases the apparent 
molecular mass of ihe monomer chain by -2 kDa, allowing me 
identification of both lagged (upper band) and untagged (lower bond) 
TMs according to their mobility in SOS/ 12.5% polyacrylamidc gels. 
Two strongly reacting bands represent the reaction of the heavy (Ab 
he) and light (Ab 1c) chains of the added 12CA5 antibody with the goat 
unri-raousc secondary antibody. Area between arrows indicates posi- 
tion of TMs. When an extract of un trans fee ted cells was used (control), 
no TMs were identified in the immunoprccipitatc (C) Double trans- 
f ecu cms using bath one tagged and one untagged HMW isoform 
resulted in the precipitation of homodimcrs, 

respectively (see Fig. LB), it was possible that these alterna- 
tively spliced exons were critical for the selective formation of 
homo versus heterodimers. When tagged smooth muscle 
a-TM or skeletal muscle a-TM isoforms were cotransfected 
with untagged HMW nonmusde TM isoforms, the formation 
of heterodiracr was predominant (Fig. 5 A and B). Similarly, 
skeletal muscle 0-TM formed heterodimers with TM1, TM2, 



and TM3 (Fig. 5 A and B). Thus, the muscle isoforms were 
capable of shifting the dimcr equilibrium in the direction of the 
hctcrodimer. The selectivity of the dimer formation was 
further indicated by the results obtained with combinations of 
HMW and LMW TM isoforms. Tagged smooth muscle a-TM, 
skeletal muscle p-TM, or nonmusde TM2 failed 10 form stable 
heterodimers with cotransfcctcd LMW nonmusde variant 
TM4, TM5a, or TM5b (Fig. 5C). 

DISCUSSION 

Coiled coils arc found as stabilizing motifs in many different 
types of dimeric proteins. In the case of the basic rcgion- 
leucine zipper (bZIP) family of transcription facers, Lumb 
and Kim (32) demonstrated that the dimcrtzation into parallel 
coiled-coil dimers was controlled by the leucine zipper se- 
quence. Similarry, O'Shea et al (13) identified 8 residues in the 
35-aa leucine zipper region of the oncoproteins Fos and JTun as 
the essential determinants for their hetercdimcrization into 
parallel, two-stranded coiled coils and demonstrated that the 
driving force for preferential hetcrodimer formation was the 
destabilization of the Fos homodimcr. In addition, neurotro- 
pbins have been shown to be biologically active as nonco- 
valcntly linked homodimers, Recently, Heymach and Shooter 
(33) have used a technique similar to the one applied in this 
work to show that three members of the neurotrophin family 
(nerve growth factor, brain-derived neurotrophic factor, and 
neurotrophin 3) were able to form heterodimers upon forced 
expression following transfection of cells. Our results demon- 
strate that amino- and carboxytoerminal regions, as well as 
internal regions, contribute to the coiled-coil interactions of 
the TM subunits. 

There is general agreement that the ac-helical TM molecule 
unfolds and dissociates in parallel during a heating experiment, 
indicating regions of varying stability or many stales of par- 
tially unfolded molecules. The unfolding of heterodimers is 
expected to be even more complex than that of homodimcrs, 
since not only domains or states of heterodimers are involved, 
but homodimer domains (or states) also contribute to the 
equilibrium state (34). In a CD study of Rana tsculenta a/0 
TM, two major helix-coil transitions were observed which 
have been interpreted as the unfolding of independent do- 
mains (34). Ishiitfa/. (35, 36) have demonstrated that recom- 
binant TMs carrying an ami no-terminal fusion peptide arc still 





tagged 



Fic. 5. (A and B) Co trans feci Ions using HA-tagged muscle isoforms in combination with untagged HMW nonmusde isofiormS resulted in the 
predominant formation of stable heterodimers. Western blots of anti-HA imrnunopredpitates were probed with anti-HA antibody 12CA5 (/i) and 
anri-TM antibody 311 (B). (C) When either muscle TMs or a HMW nonmuscle TM (TM2) was cotransfected with LMW nonmusde TMs, however, 
no stable dimers were precipitated. Western blot probed with a mixture of antibodies 12CA5 and MP10 (gift of Mark Piltenger. recognizes low 
molecular weight TMs). Area between arrows indicates position of TMs. 
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close together for local unfolding while they are separated for 
global unfolding. The conformation of ihe local unfolded 
region and the mechanism of the local unfolding of TM 
remained unsolved, however. 

Whereas rat muscle cells express only one (cardiac) or two 
(smooth and skeletal) isoforms of TM, up to seven different 
TMs are present in a single rat fibroblast (refs. 4 and 30; 
W. Guo and D.M.H., unpublished work). We have shown that 
the presence of the ammo-terminally tagged transfected mus- 
cle isoforms in a nonmuscic cell leads to the formation of 
heterodimen; between endogenous and exogenous HMW non- 
muscle TMs. Muscle-specific factors cannot be involved in the 
process of the formation (or stabilization) of heterodimers 
since this procotK h taking place in a cultured nonmuscic cell. 
Nonmuscle-spccific factors were also not effective in main- 
taining the homodimeric state of the endogenous nonmuscic 
TMs in the presence of the transfected muscle isoforms. 

Different TM isoforms differ in binding to troponin T, the 
formation of head-to-tail overlaps, and their affinity for F- 
actin (reviewed in refs. 3 and 4). A relationship between 
alternatively spliced exons and functional domains in TMs was 
found by investigating the influence of exons 2a/b and 9a/d of 
the smooth and striated a-TMs (5). Although the presence of 
exon 9a was correlated with Ca J+ -insensitive binding to troponin 
and the presence of exon 2a was correlated with changes in 
actin affinity, the individual exons were not recognizable as 
individual structural domains (5). Expression of chimeric TMs 
in fibroblasts recently indicated that a coordination between 
the amino- and carboxyl-terminal regions is required for 
normal TM function (37). Our data support this latter assump- 
tion and suggest that coordination between several domains in 
TMs is responsible for the formation of functionally relevant 
TM dimers. Exons 3-5. 7, and 8 are common to all TMs and 
appear from our studies 10 be insufficient to warrant stable 
dimerization per Je\ since stable heterodjmers between LMW 
and HMW TMs were not observed under our assay conditions. 
Whether or not changes in the sequences of ihche conserved 
domains could lead to perturbation of the dimeric interactions 
of TM subunits is unknown. Additionally, it will be interesting 
to determine the influence of exon lb (used in ihe 248-aa 
subunits of TM4, TMS, TMSo, and TM5b) on the dimerization 
properties of the LMW isoforms. 

The functional significance of expressing a multitude of TM 
isoforms in nonmuscle cells and maintaining them as ho- 
mo dimers remains to be determined. The higher act in-binding 
ability of strongly head-to-tail overlapping heterodimcrs of 
smooth muscle a and 0 TM subunits in chicken gizzard might 
reflect the necessity to maintain stable association with the 
muscle ihin filament throughout the entire length of the actin 
filament. For chicken gizzard TM, the heterodimer exhibits a 
greater ability to bind cooperatively to F-actin, due to its 
stronger head-to-tail overlap as compared with the a/ a and 
p/p homodimers. It has also been suggested that the TM 
heterodimers represent a more flexible structure than their 
homodimeric counterparts (38). A higher end-to-end associ- 
ation of TM heterodimers in smooth muscle cells could lead to 
the formation of elongated TM polymers, which could reflect 
the requirement for a higher degree of flexibility to accom- 
modate the structural changes in the F-actin filament during 
contraction and relaxation cycles (38). In contrast, a reduced 
ability of the homodimers to associate head-to-tail could be a 
necessary determinant for the more dynamic regulation of the 
actio cytoskeleton in nonmuscle cells. 
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The folding and assembly of plnteiet-derived growth 
factor (PDGF), a potent mitogen involved in wound- 
healing processes and member of the cystine knot 
growth factor family, was studied. The kinetic* of the 
formation of disulRde-bonded dimers were investigated 
under redox reshuffling conditions starting either from 
unfolded and reduced PDGF-A- or B-chains or an 
oquimoLar mixture of both chains* It is shown that in all 
cases the formation of disulfide-bonded dimers is a very 
slow process occurring in the time scale of hours with a 
first-order rate-determirtirtg Step. The formation of di- 
sulfide-bonded PDGF-AA or PDGF-BR homodimers dis- 
played identical kinetics* indicating that both mono- 
melic forms as well as the dimerized homodimer have 
similar folding and assembly pathways. In contrast, 
the formation of the heterodimer occurred three times 
more rapidly compared with the formation of the ho- 
modimer!.. Ab both monomelic forms revealed similar 
renaturation kinetics, it can be concluded that the 
first-order rate-determining folding step does not oc- 
cur during monomer folding but must be attributed to 
conformational rearrangements of the dimerized, not 
yet disulfide-bonded protein. These structural rear- 
rangements allow a more rapid formation of intermo- 
lecular disulfide bonds between the two different 
monomers of a heterodimer compared with the forma- 
tion of the disulfide bonds between two identical 
monomers. The preferential formation of disulfide- 
bonded hetero aimers from an c qui molar mixture of 
unfolded A- and B-chains is thus a kineticaliy con- 
trolled process. Moreover, similar activation enthalp- 
ies for the formation of all different isoforms suggest 
that faster heterodimerization is controlled by en- 
tropic factors. 



Platelet-derived growth factor (PDGF) 1 is a potent mitogen 
for colls of mesenchymal origin, Le. smooth muscle cell*, con- 
nective tissue colls r or blood cells (1-3). It is released by plate- 
lets upon wounding and plays an important role in stimulating 
adjacent cells to grow and thereby heal the wound (4), PDGF is 
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a non-glycosylated protein that belongs to the family of dimeric 
cystine knot fjrowth factors (5). The PDGF family consists of 
different gene products. The most prominent and long known 
members of this family are PDGF-A and -B. More recently, 
two new leaa abundant members, FDGF-C and -D, have been 
discovered (6, 7). 

The two different homologous monomers of PDGF, denoted 
as A- and B-chains, are known to exist in the three natural 
occurring dimeric isoforms PDGF-AA, -AB, and -BB (S, 9). 
TheHo different isoforms have apparently distinct biological 
functions indicated, e.g. by their different binding affinities to 
the two different types of PDGF receptors (10). However, the 
majority of PDGF purified from human platelets is the disul- 
ude-banded heterodimeric growth factor (II), suggesting that 
heterodimerization is favored when both genes are co ex- 
pressed. Also, PDGF-AB disulfide-ootid ed heterodimera are al- 
most exclusively formed from an equitnolar mixture of unfolded 
and reduced A- and B-chains when ronaturation is carried out 
under conditions that allow disulfide bond reshuffling (12-14). 

From all potential isoforms of the PDGF dimer, only the 
structure of the BB homodimer has been determined so far 
(Fig. 1; Ref. 15). PDGF-BB is an aH-/3 sheet protein of about 30 
JkDa and composed of two very flat subunits arranged hoad-Lo- 
tail and linked together by two intermolccular disulfide bonds 
(5, 15). In addition to intermolecular disulfide bonds, each 
monomer contains an unusual knot-like arrangement of three 
intramolecular disulfide bridges where one disulfide band 
threads through a loop formed by the two other disulfide bonds 
(5, 16). As all members of the cystine knot growth factor family 
share strong* structural homology* it is most likely that the 
other PDGF isoforms are of almost identical structure as the 
BB ieoform. 

The folding pathways of oligomeric proteins frequently ex- 
hibit very complex profiles, since unimolecular folding reac- 
tions and bimolecular association steps are involved (16, 17). 
In case of PDGF, the folding and association process becomes 
even more complex through the additional requirement for 
the formation of the unusual knot-like arrangement of the 
three intramolecular disulfide bridges and the formation of 
the two intermolecular disulfide bonds. Although many mem- 
bers of the cystine knot growth factor family are of enormous 
medical importance (e^. PDGFs, transforming growth fac- 
tors, bone morphogemrtic proteins), almost no knowledge ex- 
ists about the mechanisms governing their folding and as- 
sembly. Some more detailed studies have been carried out on 
the fol ding and association kinetics of brain-derived neuro- 
trophic factor (18) and nerve growth factor (19). Both factors 
belong to a subgroup of the cystine knot growth factor family 
where the subunits are not connected by intermolecular di- 
sulfide bonds in the dimeric protein. Kinetic studies on the 
folding and assembly of those growth factors of the cystine 
knot family where the subunits are connected by disulfide 
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FlC 1. Schematic presentation of the three-dimensional structure of PDGF-BB. A, the two monomers (depicted In Kntun and blue) are 
ccmnoctcd head-to-tail via two intermol ocular disulfide bonds. Each monomer contains a knot-liko arrangomcnt of three intramolecular disulfide 
oondft, where two disulfide bond* connoet two J3-str«nde and form a ring structure, and tho third ditsuindo bond threads through' this ring and 
connectfl two additienal 0-fttranda, The noeition* of tho cysteines are indicated in yellow. The di$ulfide bonds ars shown in red. Tho single 
tryptophan is indicated in violet. Thetfrny rectangle underlays tho iirou occupied by ono Bubuftit a ad the gray circle the position of the cystine knot 
in the other subunit. B, bowl! ilce Structure of 0 single subunit with the positions of tho prolines indicated in gray. C, close-up of the local backbono 
conformation in the vicinity or the conserved cysteine (CyV 0 ) involved in intormolecular disuUide-bonding. All solved structures of member* of thu 
cystine knot growth factor family show evidence for the presence ofe conserved ct$-proIine (Kef. 15: PDGF-BB, Trp !,u -Pro 4U -cis«Pro <1 -Cya' 19 ; Reft. 
30 and 31). The same motif is also present in the PDCF^A chain (PDGF-A, Trpr'^PTO nn -Fror ,7 -C^ 3 *}, although the structures Of PDGF-AA or 
PDCF-AB have not yet been determined. 



bonds in the native protein are missing so far. 

It was commonly accepted that the presence of the cystine 
knot is a prerequisite for the dimerization of proteins belonging 
to the cystine knot growth factor family (5). However, recent 
Studies an the structure- and stability of vascular endothelial 
growth factor, a member of PDOF superfanuly of cystine knot 
growth factors, revealed that cystine deletion mutants lacking 
one of the two disulfide bonds forming the outer ring of the knot 
motif are still ablu to form disuliidc-bonded dimers (20). Sur- 
prisingly, these mutants even revealed an increased thermo- 
dynamic stability although their thermal stability was severely 
reduced (20). However, the formation of the cystine knot ap- 
pears to be indispensable for the biological activity of PDGF 
(21), while the intermglecular disulfide bridges have a stabiliz- 
ing but non-csscntial effect on tho biological activity (21, 22). 
PDGF is very prone to aggregation when renaturatiort is initi- 
ated by diluting unlbldcd and reduced monomers into a buffer, 
which allowB refolding and disulfide bond reshuffling (14). 
Once folded, however, PDGF is a very stable protein withstand- 
ing temperatures of up to 100 °C (23). 

Previously, we have presented a renaturation method based 
on the utilization of size exclusion chromatography, which cir- 
cumvents aggregation during refolding and allows renatur- 
ation of PDGF at high protein concentrations (14), In this 
study, we present a kinetic analysis of the formation of diaul- 
fi de-bonded dimers and propose a model for the folding path- 
way of the different isoforma of PDGF, The unfolded and re- 
duced monomers of PDGF were subjected to size exclusion 
chromatography under renaturing conditions and the forma- 
tion of disulflde-bonded dimers starting either from pure A- or 
B-chainS Or an equimolflr mixture Of both monomeric isoforms 
was followed in the eluate fraction. 

EXPERIMENTAL PROCEDURES 
PDGF.BB Stricture Visualization— PDGF-BB structure data were 

obtained from tho Protoin Data Bonk (w-ww.reeb.org/pdb'; occo«oion 

number lpdg) and visualized using the program RasMol, Version 
2.7.2.1 (RasMoi Molecular Renderer; R. Ssyle, Claxo Research and 
Development Green ford, Middlesex, UKX 



Production ond Purification of PDGF Isaform s— The different PDGF 
isofbrmfl were produced as inclusion bodiOs uding the Escherichia coli 
struin TGI carrying leroperature-inducible expression vectors encoding 
either the PDGF A- or B-chuin or ti bicistronic vector encoding both 
chains synthesized in a 1:1 ratio upon induction (13). Production of 
PDGF was carried out in a high cell density Cultivation procedure that 
hn3 been described previously (24). Purification of unfolded and reduced 
PDGF monomera from solubiliccd PDGF containing inclusion bodies 
was done by size exclusion chromatography (SEC) under denaturing 
conditions (14). 

Kinetic Analysis of PDGF Dimerization — Purified, unfolded, and re- 
duced PDGF monomera [either pure A-. or B-ehains, or an equimolar 
znixturo of the two chains) were subjected to SEC under conditions that 
allow refolding and reshuffling of disulfide brid«e<* aa described previ- 
ously (14). Standard renaturation conditions by SfiC were; 1 mol l"" 1 
Trift-HCl (pH 7.8), 0.5 mol 1 _1 guanidinium hydrochloride (GdnHCl), 10 
mrnol l _l glutathione reduced (GSH), 0.25 mmoJ J" 1 glutathione oxi- 
dized (GSSG). Under these conditions, the eluted PDGF monomers 
were able to dimerize in the eluate fraction to yield the dimeric, diaul- 
ride-bonded, and biologically active growth factor (14). Aggregation of 
PDGF during the renaturation procedure was not observed unless 
otherwise indicated. The formation of dlsulu de-bonded dimors was fol- 
lowed in alt quota taken from the reaction mixture in the eluate fraction 
through disulfide trappins: by irreversible blocking of free thiol groups 
and subsequent separation of monomeric nnd dimeric PDGF by gel 
electrophoresis undur non-reducing conditions. Blocking of the free 
thiol ffroups by the addition of iodoacetuto and go! electrophoresis was 
earned out as described previously (14). Gels were stained with Coo- 
roOAjtie Brilliant Blue, and quantification of tho monomeric end dimeric 
fraction of PDGF was carried Out by densitometry (Hirschmun el script 
400). 

The putative reaction order for the rate -limiting step during aimer - 
i*ation of PDGF was determined from tho slopes of the linearized 
kinetic equations assuming cither u first-order (Equation 1), 

lnlAJ,«=lnlAln-|2y fl f*i* (Eq. D 

or a second-ardor ru to-determining reaction (Equation 2\ 

where tAj, and [A] u are the raonemOr concentrations at times t and zero, 
respectively, Su p is the sum of the stoichiometric factor*, and A ; and h 9 
are the rote constants for a first- or second-order reaction, respectively. 
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Fia 2. Kinetics of formation of diaulfi de-bonded PDGF-AB 
dimeru from unfolded and reduced PDGF- A und -B monomcrw. 
A, timo course data of tho relutivu concentrations of PDGF- A and -B 
monomers (□) and diBulnda-baodod dialers (■} after subjecting an 
equimolar mixture of unfolded and reduced PDGF -A and -£ chains to 
SEC under renaturing conditions. Time zero indicates tbe start of the 
kinetic experiment in the etuate fraction immediately after elution of 
monomeric PDGF-A and -B from the Sl5C column. B, determination of 
the rule constants assuming cither u finsl-ordor (f ) or a second-ordor 
raie-determinin* step (O) ns described under "EKucrimenuil Proce- 
dures." The experimental condition* were &» follow*: 0,1 mol l^.TriA- 
HC1 (pli 7.8). 0.5 mol l" 1 GdnHCl, 10 mmol i~ l GSH, 0.25 mmol l" 1 
GSSG, 8.9 fxmol I 1 (110 n-g ml"* 1 ) PDGF-A und -B monomers; T » 
25 *C, 



By rearranging the kinetic Equations 1 and 2, the monomer turnover U 
can he aimulutod itssuming either o fi rst-ordur (Equation 3) or a socond- 
order rate-determining reaction (Equation 4). 



1 



jAJ, 



a = 1 - e't** 1 ' 



W ' IT 1 - 



(Eq. 3) 



(Eq.4) 



In case of a uni molecular race-limiting reaction, the monomer turn* 
Over w'th timo should bo independent of tho initial monomer con con- 
trntion tfiquation 3), whilo a second-ordeT rato-hmiting reaction should 
be reflected by an increased monomer turnover with increasing initial 
monomor concentration I Equation 4"). Bespit iri mutations of thu data 
from kinetic experiments for the determination of the rate constants 
and modeling of the monomer turnover were carried out using 
standard software. 

Hit temperature depsrtdence 0 r x h e rale of dimenxotvon wiw de- 
scribed by an Arrheniua relationship, i.e. a plot of Ink versus UT, 



ij ^¥W-(T-f)l 



fEq. 5) 



where h ie the experimentally determined rate constant, A is a confitunt 
in the activated complex theory. n£ v and A2T the entropy and enthalpy 



7 0 9 10 11 12 20406060100 
lime, h 

Fig. 3, Analysis of the monomer turnover for the determina- 
tion of the reaction order of the rate-limiting step during the 
formation of disrulf ide-bonded PDGF-AB. A, determination of thu 
monomer turnover at different time points with varying initial mono- 
mer concentrations: 1 h (■). 6 h CD), 10 h (•), and 20 h (O) after suiting 
monomeric PDGF-A and -B from the SEC column. B, time course data 
of the monomer turnover of PDGF-A and -B starting with initial mon- 
omer concentrations of 1.9 **mol l" 1 (A), 4.6 Mmol 1~ ; (•), 6.2 *unol l" 1 
<v*). 7.4 umol l~ l (□), <*mol 1 _1 (O \ S.9 Mmol i _1 (■)> and 47 Mmol l" 1 
(A) are ah own. In odditioo, best fit simulations are depicted tiasuminff n 
Hr^order with a a - 1.6 10" c b~ x {thick line) or a docond-order ran>- 
bmiting step with =• 2.5 mol" 1 1 fur tha renaturaaon of PDGF-AB: 
1.9 /*mol 1 -1 {2o\5mi? ml" l V * «;4.6 ^mol V 1 (66.9 Mg ml " x ) t 7 .4 Mmol 

l _1 (91,5 ml" 1 ), Chin Una; 8.9 ^moi P 1 (110 MS ml" 1 ), ; and 47 

Mmol L" 1 (581 Mfi ml -1 ), . Exporunontul conditions were the 

same as described in the legend to Fig. 2 except for the initial concen- 
trations of PDOF-A and -B mono mors. 

of activation of tho reaction, respectively. T the temperature, and R tho 
universal gus constant. If there ia linearity for the temperature depend- 
ence of the rata constant, the enthalpy and antropy of activation can be 
determined from the slope and tbe y intercept of Equation 6, 
re spectively. 

RESULTS 

Kinetics of Formation of Disulfide- bonded PDGF-AB Dimera 
from Unfolded and Reduced PDGF-A and >B Monomers— The 
kinetics of the formation of difiulfidc-bonded dimers of PDGF 
were investigated under redox reeh ufTHn g conditions starting 
from an oquimolar mixture of completely unfolded and reduced 
A- and B-chaine (Fig. 2A). The kinetic data are well described 
either by assuming a firsts or a second-order rate-determining 
reaction and the putative rate constants extracted from the 
slopes of the linearized kinetic equations (cf. experimental pro- 
cedures) woro tatcrmined to be A x = 1.5 JO -5 a" 1 or k 2 = 2.5 
mol" 1 1 a" 1 , respectively (Fig. 2£7). 

To discri mina te between a first- and a second-order rate- 
limiting reaction controlling the formation of disulfide-bonded 
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PlC. 4, Simplified model for the formation of disulfide- bonded 
PDGF-AB dim era from unfolded and reduced PDGF-A and -B 
monomers. A, simplified model for the formation of disulfide-bonded 
PDCF'AB dimCr* Additionally including the formution of non-nnavo 
OfT-pathwuy folding products M muCilli}u<1 incompetent for the formation of 
native disulfide- banked PDGF-AB dime re. B r modeling of the kin e tice 
assuming a first-order rate-limiting step with k x » 1.6 10 * a a** 1 for the 
formution of the disulfide -bonded PDGF-AB dimer. Formation of 
M AliMjulaaa is described assuming a first-order rate-limiting step with 
k x ' = 7.5 10" u b" x . In addition, the experimental time course data of the 
relative concentrationa of PDGF-A and -B monomers CQ> and disulfide- 
bundod dimora {*) are shown. Experiracntul conditions ware the same 
a* described in the legend to Fij?. 2. 



PDGF rlimera, renaturation experiments were carried out with 
varying initial monomer concentrations (Fig. 3). The kinetic 
analysis revealed an independence of the monomer turnover at 
given time points on the initial monomer concentration (Fig. 
3A), thus dearly excluding a second-Order rate-limiting step in 
the renaturation of PDGF-AB. In addition, kinetic modeling 
revealed that the formation of the dieulfide-bonded dimer is 
best described by a first-order rate-determining reaction (Fig. 
3B). Deviation of the predicted monomer turnover from the 
experimental data originates from the formation of soluble 
off-pathway products, which are not able to form native PDGF- 
AB. To account for the incomplete monomer turnover, the ki- 
netic model was further refined by including an additional 3tep 
loading to the irreversible formation of miafolded ofF-pathway 
products (Fig. 4A). The experimental data are now well de- 
scribed by tho productive first-order reaction with tho rate 
constant of k x - 1.5 10~ 5 s"" 1 yielding the native disulfide- 
b ended PDGF-AB dimer and an unproductive reaction with a 
rate constant of k x ' » 7.5 10~ Q s~ J lending to non-native oCf- 
pathway products (Fig. 4B). 

A variation of the GdnHCl concentration between 0.25 and 
1.5 mol 1" 1 in the renaturation buffer revealed a strong de- 
crease in the rate of the formation of the disulfide -linked dimer 
with increasing concentrations of the chaotropic agent (Fig. 5). 
The graphic representation of the rate constants in a "chevron 
plot" revealed a linear dependence on the GdnHCl concentra- 
tion by anticipating a first-order rate^irniring step for the 
generation of the disulUde-linked PDGF-AB dimor (Fig. SB). 
Final yields of disulCdc-linked PDGF-AB dimors increased 
from 13 to 75% by decreasing the concentration of GdnHCl 
from 1.5 to 0.25 mol I" 1 . At 2 mol l~ l GdnHCl, formation of 
disulnde-Knked dimer* was not detectable (data not shown). 




B 



1E-5, 




0.0 0.0 1.0 
Gdn-HiXfnolL* 1 

FIO. 6. GdnHCl dependence of formation of dieulftde-bonded 
PDGF-AB dimer* from unfolded and reduced PDGF-A end -B 
monomers. A, time-dependent monomer turnover of PDGF-A and -B 
at CdnHCl concentrations ranging from 0.25 to 1.5 mol l" 1 : 0 2G mol l" 1 
GdnHCl (■), 0.6 mol l" 1 GdnHCl O, 0.8 mol P 1 GdnHCl (•), 1.2 mol 
I" 1 GdnHCl (A), and 1.5 mol l" 1 GdnHCl (A). B, GdnHCl dependence of 
the kinetic ritte constant asauming a firat-ordar rato-Umitinfc reac* 
tion. Experimental conditions were the same as described in the legend 
to Fig. 2, except for the GdnHCl concentrations. 
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Fio. 6. Kinetics of formation of disul fide-bonded PDGF dimors 
of the different PDGF isoforxns from unfolded and reduced 
PDGF monomers. The time-depandent monomer turnover of the three 
diflerent PDGF isoforms PDGF-A, PDGF-A and -B, and PDGF-B are 
shown Btarting with initial monomer concentrations of: 0.8 **rnol l" 1 
PDGF-A (D), 9.25 **mol l" 1 PDGF-A and -B (•), and 3.5 ^mol )' x 
PDGF-B (O). Experimental conditions wore the same as described in 
the legend to Fig. 2. except that tho temperature was 35 °C. 

Kinetics of Formation of Disulfide-bonded Dimera of the Dif- 
ferent PDGF Inaforma—k unimolccular rate-limiting reaction 
during the formation of the disulfide houded PDGF dimer could 
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Preferential Heterodimer Formation of Platelet-derived Growth Factor 

Table I 

Temperature dependence of the rcnaturathn of the different PDGF iaoforms 
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TomperaVupo 


PDGF-AA 


PDGF-BB 


roGr-AB 


PDOF-AA 




PDCP-AB 


•c 




10-" f" ; 






**> 


17 
55 
61 
59 
57 


4 
16 
25 
35 
45 


0.03 = 0.006 
0.13 - 0.005 
0.5 £ 0.1 
1.0 s 0.1 
1.0 - 0.05 


0.06 s 0.005 
0.17 ;s 0.01 
0.5 = 0.05 
1.0 s 0.05 
O.D x 0.05 


0.06 ± 0.015 
0.5 Si 0.1 
1.5 T 0.1 
3.0 Z 0J2 
2.0 Z 0.16 


18 
25 
50 
60 
50 


17 
45 
50 
51 
47 




PDGF-A 
PDGF-A/B 
PDGF-B 



C.0031 O-MM 



0.0036 0.0037 



Fic. 7. Arrhenius plots of tba rata constants of the formation 
of disuIQdo-bondcd PDGtf diracra of the different PDGF iao- 
fbrma from unfolded and reduced PDGF raonomcre. The rate 
constants of dirnQrizution or the three different PDGF isuforma PDGF- 
AA, PDGF-AB, and PDGF-BB were determined at temperatures rang- 
ing from 4 to 45 *C tiSauromff » firat-ordef raie-dete ringing reaction. 
The initial monomer concentrotiond were; 0,8 m^oI \~ x PDGF-A O, 
9.25 ,imol l -1 PDGF-A and -B (•), Arid 3.5 umol \~ l PDGF-B (O). 
Experimental conditions woro the snmo ws dcecribod in the logOnd to 
Fig. 2, except for the to mporn cures. 

either indicate a rate-limiting folding reaction on the level of 
the monomelic chain or structural rearrangements on the level 
of the dimeric not yet disulfide-bonded growth factor. To dis- 
criminate between these two possibilities, a kinetic study of the 
formation of disulfide -bonded dimors was carried out using 
either the purified A- or B-chains or an equimalar mixture of 
both chains (Fig. 6). The formation of disulfidc-bonded 
PUCF-AA or PDGF-BB homodimers displayed identical kinet- 
ics indicating that both monomeric forms as well ae the dimer- 
ized homodimer have similar folding and assembly pathways. 
In contrast, msulfido-bondcd heterodimers were formed three 
times more rapidly (h^ = 1.5 10~° a" 1 , experimental conditions, 
cf. Fig. 6) compared with the formation of the two different 
disullide-bonded homodimers from either pure A- or B-chains 
- 0.5 10 " a s -1 , experimental conditions, cf. Fig. 6) when 
renaturotion was started from an equimobr mixture of both 
chains. 

At all temperatures ranging from 4 °C to 45 °C heterodimer- 
zation occurred more rapidly compared with the formation of 
homodimors (Fig. 7 and Table 1), suggesting a general prefer- 
ence for the formation of tho hutorodimer. Alio, the kinetics of 
homodimerization of the two different PDGF-AA or -BB iso- 
formB did not show any significant difference in the tempera- 
ture range Studied, supporting the conclusion that homodimer- 
ization of either PDGF-AA or -BB follows most likely similar 
pathways. 

During the renaturation of all the three different PDGF 
isoforms aggregation was not observed up to temperatures of 
35 •C. However at 45 °C, partial aggregation of all PDGF iso- 
forms occurred. A summary of the results from the renatur- 



ation experiments carried out at the different temperatures Is 
shown in Table T. An estimation of the activation enthalpies 
from the Arrhenius plots (Fig. 7; only data from 4 to 35 6 C) of 
either homo- or heterod^merizution did not reveal a significant 
difference for the different PDGF isofbrms. Assuming a first- 
order rate-limiting renaturation step, activation enthalpies in 
the range of 70-80 kJ mol" 1 were estimated for the formation 
of PDGF-AA, -AB, or -BB. 

DISCUSSION 

Subunit association can be a very fast process with rate 
constants in the order of 10 7 mol -1 1 a"* 1 (e.g. Ref. 25) that axe 
encountered in difrusion-controlled reactions. However, when 
folding and association is connected with the formation of in- 
tra- and intermolecular disulfide bonds, e.g. during renatur- 
ation of antibody fragments, the regain of the biological activity 
can occur in the time scale of hours to days (26). 

The formation of disulnde-hondcd dimers of PDGF is also a 
very slow process occurring in the time scale of hours. StudieB 
on the folding and association of brain-derived neurotrophic 
factor (18) and nerve growth factor (19), growth factors where 
the subunits are not connected by intermolecular disulfide 
bonds, also revealed slow ronaturation kinetice, although, in 
general, little information exists on the folding and association 
pathways of dimeric proteins of the cystine knot growth 
factor family. 

The rate-limiting step during the renaturation of a dimeric 
protein can cither be a first-order step resulting from uni mo- 
lecular conformational changes or a second-order step originat- 
ing from the encounter and assembly of the subunits. The 
experimental results clearly show that the formation of the 
PDGF dimer is a process controlled by a nrst-order reaction, 
thus proving that the encounter of the monomeric chains to 
form the dimeric growth factor is not the rate-limiting step in 
the renaturation of PDGF. A first-order rate-determining reac- 
tion during the renaturation of a multimeric protein is not 
unusual. For example, the kinetic analysis of the renaturation 
of the homodimeric mitochondrial malate dehydrogenase re- 
vealed a second-order association reaction (27), whereas the 
renaturation kinetics of the cytoplasmic enzyme, also a ho- 
modimer, were governed by a first-order rate-Hmiting step (28), 

A first-order rate-limiting reaction can result from folding 
events on tho monomer level or from Structural rearrange- 
ments of an alroady dimerized protein. The comparative anal- 
ysis of homo- and hetcrodimerizatton revealed identical kinet- 
ics for the formation of the disulfide-bonded AA or BB 
homodimcrs, suggesting that their renaturation pathways do 
not differ significantly, e.g. that folding of the two different 
monomeric chains into association competent molecules, asso- 
ciation of these monomers into homodiraers, and, finally, for- 
mation of intermolecular disulfide bridges do not exhibit sig- 
nificantly different pathways when ronaturation was started 
either from the unfolded and reduced pure A- or B-chains. In 
contrast, the AB heterodimers were formed three times mare 
rapidly compared with the formation of the homodiraers. As- 
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PlG. 8. Basic model Tor the form it lion of disulfide -bonded PDGtf dirncra from unfolded and reduced PDGK monomer*- In thU 

fichvmc M ualwlULU rcprcfiCnta the unfolded and reduCod PDGF raOnOmGrfi, which ftre Subjected to SEC under conditions* allowing refolding and 
disulfide bond reshuffling. M* Bignificw the PDGF monomer recovered directly after SEC in the eluate fraction. The reaction includes the 
transformation of M* into association competent monomers M niJdlKl , the subsequent encounter of M^j^j with another M, Wdhd into a nOn-covalendy 
associated dimer (MM)*, the first-ordor rate determining structural runrninguracota yielding the not yet disulfide -bonded dimCr D*, which can be 
transformed through intermolecular dbulfido-bonding into the native growth {lictOr D rt4lU vc- ^h* model additionally includes the formation of 
non-native off-pathway folding products M mUlbk)pa incompetent for the formation of native aifiwlfide-honded PDGF dimers. 



suming a rate-determining first-order step on the level of rnon- 
omur folding and observing identical haniodimerization kinet- 
ics is not contmdictive if both monoineric isoforms exhibit 
identicid folding kinetics prior to the formation of the dimer. 
But a rato-detcirmining first-order stop on the loval of monomer 
folding should also result in the name kinetics for homo- and 
heterodimerlzation if both mono merle isoforms exhibit identi- 
cal folding kinetics. However, we observe that hater odimeriza- 
rion of PDGF-AB occurs three times more rapidly than ho- 
rnodimerization. These results clearly exclude the possibility 
Lhat the rata-datomining first -order step con be assigned to 
conformational folding steps on the level of the not yet diroer- 
ized monomer but point clearly to structural rearrangements 
on the level of the dimerized but not yet disulfide-honded dimer 
as the pace ma Vat of renaturation. In this case, the different 
monomers can fold on identical pathways as the experimental 
results strongly suggest; however, once dunerizod but not yot 
disulfide-bonded, the formation of the cystine bonds between 
the different chains must be facilitated between the PDGF-A 
and -B monomer compared with disuifi de-bonding between 
identical chains. The results also show that a statistically and 
diffusion controlled encounter of the different monomers must 
be reversible, i.e. that non-covalent monomer association and 
dissociation must occur prior to the formation of intermolecular 
disulfide bonds under the conditions studied. Once connected 
by intermodular disulfide bonds, however, there are no indi- 
cations for sub-unit exchange processes (data not shown). The 
results from the kinetic studies on the folding and assembly of 
PDGF arc summamed in the model depicted in Fig. 8. 

Thta kinetically preferred formation of the heterodimeric 
growth factor should also affect the isoform distribution. Sta- 
tistically an isoform distribution of 1:2:1 is expected when 
refolding occurs from an ecjuimolar mixture of A- and B-choins. 
However, three times faster heterodimerization compared with 
homodimerizatian should result in an isoform distribution Of 
1:6;1, winch accounts for 12£% PDGF-AA, 75^ PDGF-AB, and 
12.5% PDGF-BB. A similar isoform distribution was reached 
when Chinese hamster ovary cells were used for coexpression 
of tho genes encoding the PDGF-A and -B chains (19% AA, 69% 
AB, and 12% BB; Ref. 29). 

The strong dependence of the kinetic constant of the rate- 
limiting renaturation step on the concentration of the denatur- 
ant GdnHCl strongly suggests that general structural rear- 
rangements on the level of the non-covalently associated but 
not yet disulfide-bonded dimer determine the speed of renatur- 
ation. Finally, similar activation enthalpies of hetGrO- and ho- 
modimerization indicate that preferential heterodimerizatSon 
must be controlled by entropic factors resulting in a more 



favorable positioning of the cysteines from different chains for 
the forrnation of the intermolecular disulfide bonds compared 
with disulfide bond formation between identical chains. 
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